3~43201).
Introduction
A fundamental and widespread mechanism of intercellular signaling operational in tissues and organs involves the direct movement of ions and low molecular weight metabolites of less than -1 KD across gap junction channels connecting neighboring cells. These intercellular specializations with dual communication and adhesion functions are the conduits that allow cell-to-cell traffic of second messengers, e.g., inositol polyphosphates in non-excitable tissues, as demonstrated in airway epithelial cells (Boitano et al., 1992) . They also allow rapid propagation of electrical currents that are believed to underlie tissue homeostasis in excitable tissues, e.g., heart and uterus (Green and Severs, 1993; Saffitz et al., 1992; Bennett with the antibodies to m~exins was detected throughout involution. Double immunofluorescence labeling of 5-day lactating mammary gland with antibodies to connexh26 and anti-keratin 14 or -keratin 19 indicated that the majority of gap junctions detected by this analysis were within the luminal cell population. Western blot analysis of a lactating mammary gland (Day 24) confirmed the absence or low level of expression of connexins 32 and 43, as seen in the immunofluorescence studies, and showed that corm-6 was a dominant antigen expressed in lactating mammary gland epithelium. Garfield et al., 1977) . Gap junctions are presumed to be necessary for ensuring the regulation of growth, embryonic development, and tissue differentiation (Warner, 1992; Fentiman et al., 1979) . Gap junctions are constructed of connexin subunits that oligomerize to form a connexon hemichannel; paired ~~n n e x o l l~ contributed by contiguous cells may then dock to form a gap junction channel. A family of connexins has been identified, each with characteristic conserved topographical sequences and features (Haefliger et al., 1992; Kumar and Gilula, 1992; Bennett et al., 1991) . The amino acid sequences in the four transmembrane regions and the two extracellular loops generally are well conserved, with the greatest divergence evident in the cytoplasmic loop sequences and especially in the variable length carboxyl terminal tail.
It is now clear that the expression of the various connexins thus far identified is metabolically and developmentally regulated. Examples include uterine myometrium where the expression of the major connexin, connsdn43, is up-regulated before parturition under the influence of estradiol (Dah1 and Berger, 1978; Garfield et al., 1977) . In pancreas, gap junctional area varies with rapid changes in glucose concentration (In't Veld et al., 1986) . Pivotal roles for 93 1 gap junctions in the transmission of growth signals and in metastic dedifferentiation are also emerging (Rose et al., 1993; Wilgenbus et al., 1992; Yamasaki, 1990; Mehta et al., 1986) . In mammary gland, a role has been postulated for connexin26 in the regulation of gap junction-mediated intercellular communication with a cultured breast epithelial cell system (Lee et al., 1992) .
In the present work we studied the expression of specific connexins in mouse mammary gland. In the virgin mouse the mammary gland consists of a simple branching duct system embedded within a fatty stroma (reviewed by Daniel and Silberstein, 1987) . The ducts end in blunt terminal end buds, and it is not until pregnancy that the fully differentiated structure develops. During pregnancy there is a proliferation of the duct system and development of lobular structures that consist of large numbers of alveoli. These structures are formed by Day 14, and with the onset of lactation become markedly distended. The duct system consists of a twolayered epithelium: luminal (secretory) and basal (contractile) cells. The luminal cells are joined at their apex by junctional complexes, and the two cell types are joined to themselves and each other by desmosomes. Gap junctions have been demonstrated between the cells of the mammary epithelium in vivo by freeze-fracture studies (Pitelka, 1978; Pitelka et al., 1973) , and electrical coupling is present between mammary epithelial cells when grown in vitro (Shen et al., 1976) . The presence of gap junctions in mammary glands during lactation is also evidenced by the rapid spread between alveoli of Lucifer yellow and the recording of electrical potentials (Berga, 1984) .
We used a series of well-characterized antibodies that recognize specific sequences of connexins 26,32,40 and 43 (Evans et al., 1992; Rahman and Evans, 1991) to study the expression of gap junctions in mouse mammary gland and to investigate changes that occur in their distribution during pregnancy, lactation, and involution.
Materials and Methods
Virgin female Parked mice (17) aged 6 weeks were maintained under standard laboratory conditions and were fed R and M diet No. 3 (Specialist Diet Services; Witham, UK) and water ad libitum. They were mated and checked for the presence of a vaginal plug; this was taken as Day 0. The mice were killed by cervical dislocation and the fourth mammary glands removed and frozen in liquid nitrogen. Mammary glands were prepared from virgin mice and on Days 0, 1,4, 8, 12, 16, 18 (pregnant) , 19 (parturition), 20, 22, 24 (lactating), and following removal of the litter on Day 28, on Days 29, 32, 35, and 41 (involuting) . Frozen sections of the mammary glands were cut, mounted on glass slides, air-dried overnight, and stored at -2O' C.
Antibodies. Antibodies to specific amino acid sequences of connexins 26, 32,40 and 43 (Table 1) were prepared as described previously (Rahman et al., 1993; Evans et al., 1992; Rahman and Evans, 1991) . Oligopeptides were chemically synthesized (Applied Biosystems; Foster City, CA) and coupled to keyhole limpet hemocyanin (KLH) using either glutaraldehyde or through cysteine residues (added when necessary to the carboxyl terminus of the peptide) using the bifunctional cross-linker M-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) (Pierce Chemical; Rockford, IL). Antibodies were generated in rabbits by suspending the peptide KLH conjugate in Freund's complete adjuvant and administering it intradermally at multiple sites.
Immunolabeling. Sections were thawed and fixed for 15 min in chloroform:acetone (1:l) at -20°C. They were washed in tapwater to remove fixative traces and immunolabeled by a three-step immunofluorcscence technique. Sections were incubated for 60 min in the primary antibody diluted 1:lOO in PBS containing 0.5% bovine serum albumin (PBSIBSA). The antibodies used in this study were DES 3 recognizing connexin26, GAP 15 and GAP 18, recognizing connexin43, and GAP 9 and DES 5 , recognizing connexin32 (Tible 1). After three 5-min washes, they were incubated for a further 60 min in biotinylated donkey anti-rabbit immunoglobulins (Amersham International; Poole, UK) diluted 1:40 in PBSIBSA, followed by three PBSIBSA washes. Bound antibody was then visualized by incubation for 60 min with fluorescein-streptavidin (Amersham International) diluted 1:40 in PBSIBSA. After a final three washes, the sections were mounted in glycerine and the coverslips sealed with nailpolish. They were examined on a Leitz (Leica; Milton Keynes, UK) fluorescence microscope and representative regions photographed on Kodak h a x film (Hemel Hempstead, Herts, UK) exposed for 16 sec and processed as for 3200 asa.
Double Immunofluorescence. To identify the cells expressing con-nexin26, sections were double labeled for connexin26 with antibody DES 3, as described above, in conjunction with either of two cell type-specific antikeratin monoclonal antibodies (MAb). Luminal cells were labeled with MAb LP2K (tissue culture supernatant diluted 1:10 in PBSIBSA) specific for keratin 19, and basal cells were labeled with anti-keratin 14 MAb L I D 0 2 (tissue culture supernatant diluted 1:5 in PBSIBSA). Anti-keratin antibodies were detected by subclass-specific goat anti-mouse immunoglobulins conjugated to rhodamine (Europath; Bude, UK) diluted 1:40 in PBSIBSA. Primary antibodies were incubated concurrently, as were the fluorescein and rhodamine second antibody conjugates. Double-labeled sections were photographed by double exposure through fluorescein (connexin26) and rhodamine (keratins) filters onto Kodak Ektachrome 800/1600 film.
Frozen sections of mouse heart were used as a positive control for the anti-connexin43 antibodies GAP 15 and GAP 18. Frozen sections of mouse liver were used as positive control for anti-connexin32 antibodies GAP 9 and DES 5 and for anti-connexin26 antibody DES 3. In each staining run, control sections were incubated in the absence of the primary antibody or in pre-immune serum and were negative in all cases.
Western Blotting. Mammary gland from lactating mouse (Day 24), rat liver lateral plasma membranes (Ali et al., 1990 ). a rat cardiac intercalated disk fraction (Colaco and Evans, 1980) , and recombinant gap junctional plaques constructed of connexin26 synthesized by insect cells containing a baculovirus construct containing a cDNA to connexin26 (Stauffer et al., 1991) were analyzed by SDS-PAGE and transferred to nitrocellulose filters according to Bumette (1981) . Mammary gland homogenates were extracted with 20 mM sodium hydroxide as described by Hertzberg (1984) and the pellets used for SDS-PAGE. Recombinant gap junction plaques were obtained from insect cells in the same fashion as described by Stauffer et al. (1991) . The position of immunoreactive material on the filters was ascertained using the respective antibodies and enhanced chemiluminescence (ECL) (Amersham International). (Figures 2a  and 2b) . On Day 19 the alveoli were distended with milk, and the distribution of connexin26 immunolabeling was clearly confined to the luminal epithelium. Labeling of gap junctions remained intense during lactation (Figures 2c and 2d ; Day 24) but within 24 hr of removal of the litter (Day 29) the punctate labeling was almost completely lost, with only a few positive regions detected (Figures 2e and 2f ). The immunolabeling with antibodies to connexin26 remained at this low level up to 13 days of involution. No specific labeling was detected in the mammary glands with antibodies GAP 9 and DES 5 (specific for connexin32) or with GAP 15 and GAP 18 (specific for co~exin43).
Double immunofluorescence labeling of 5-day lactating mammary gland indicated that the majority of gap junctions detected were present in the luminal cell population. This was most clearly demonstrated in sections labeled with antibodies to connexin26 and the basal cell-specific keratin 14 (Figure 3) . The rhodaminelabeled keratin 14-positive cells were stretched around the luminal cells, with the gap junctions predominantly localized in the keratin 14-negative population.
Labeling was not seen at any stage of development of the mammary gland with antibodies to amino acid sequences specific to connexins 43 and 32. To ensure that the antibodies recognized the murine gap junctions, frozen sections of heart and liver that express connexin43 (Green and Severs, 1993) and connexins 26 and 32 (Kuraoka et al., 1993) , respectively, were included in the labeling experiments. Connexin43 gap junctions were observed on frozen sections of mouse heart with antibodies GAP 15 and GAP 18 (Figure 4a ), whereas control sections showed low levels of nonspecific labeling (Figure 4b ). Antibodies generated to connexin32 (GAP 9 and DES 5) gave positive labeling on mouse liver sections ( Figure  4c ) but were negative on sections of lactating mammary gland (not shown). Antibody DES 3 (connexin26) also gave positive labeling on sections of mouse liver (Figure 4d ). An antibody to connmin40, prevalent mainly in conducting elements in heart Gourdie et al., 1992) , also gave no labeling (not shown). Western blot analysis of a lactating mammary gland (Day 24) is shown in Figure 5 . Using antibodies specific to connexin43 (GAP 15) and connexin32, (GAP 9) no protein was detected. In contrast, using antibody DES 3, connexinZ6 was shown to be present. Similarly, with an antibody to an amino acid sequence located in the first extracellular loop (GAP 7M), a sequence that is well conserved in all rodent connmins (Bennett et al., 1991) , only connexin26 was detected. The small difference in the electrophoretic mobility of the monomeric and dimeric forms of connexin26 in lactating mammary gland and the recombinant product produced in insect cells may be due to post-translational modifications of the protein, such as isoprenylation (Green et al., 1988; Willecke et al., 1988) .
Discussion
The results presented clearly demonstrate the modulation of expression of gap junctions constructed of connmin26 in the epithelium of mouse mammary gland during pregnancy, lactation, and involution. With a panel of antibodies specific to connexins 26, 32,40 and 43, only connmin26 gap junctions were detected in the mouse mammary gland. ConnexinZ6 was not observed in virgin glands by immunofluorescence, but increasing levels were seen during development of the mammary gland through pregnancy and into lactation. Connexin26 reactivity was first seen in the epithelial cells of the duct system of the gland at 4 days of pregnancy, at which stage the alveolar structure has not begun to develop. As the alveoli developed during pregnancy, connmin26 gap junctions surrounded the acini, and as the gland commenced lactation, strong connexin26 immunoreactivity was present throughout the gland. After 7 days of lactation, removal of the litter induced rapid onset of involution, and within 24 hr connexin26 immunolabeling was almost completely lost. The artificial weaning induced by removal of the litter at the height of lactation led to considerable distension of the gland within 24 hr. In contrast, the weaning process under normal conditions is a more gradual process (Lascelles and Lee, 1978) . This accumulation of milk is reduced within 2-3 days, and in the mouse the involution process is completed within 15 days. Therefore, the initial loss of connmin26 expression observed cx43 Cx32
Cx26
Western blot analysis of mnnexin expression by lactating mouse mammary tissue. Mammary tissue (E), cardiac intercalated disks (H). liver plasma membranes (L), or recombinant gap junction plaques from insect cells expressing mnnexin 26 (V) were analyzed by SDS-PAGE. After transfer to nitrocellulose, blots were probed with antibodies specific to connexin 43 (GAP 15). connexin 32 (GAP 9). mnnexin 26 (Des 3). or a wide specificity (PAN) antibody that recog nizes most connexins (GAP 7M). For details of amino acid sequences used to generateantibodies, see Rahman and Evans(l991) . Rahman et al. (1993) . and Evans et al. (1992) . The positions of the connexin monomer (M) or dimeric product (D) are arrowed.
in these experiments may be artificially rapid compared with the natural rate of involution. The factors that control this change in gap junction expression remain to be determined. Hormone-induced changes in gap junction expression occur in the uterus before and immediately after parturition. The major connexin in smooth muscle, including the myometrium, is connexin43 Lang et al., 1991; Winterhager et al.. 1991; Risek et al., 1990) . Connexin26 in the uterus is mainly confined to the endometrium (Risek et al., 1990) . A number of studies suggest that gap junction levels in the uterus are controlled by hormones, especially estradiol (Burghardt et al., 1984) . This hormonal control is cell type-specific and involves either translational or transcriptional control (Lang et al., 1991; Wemer et al., 1985) . The present work indicates that most of the immunoreactivity was associated with the epithelial cells of lactating mammary gland. suggesting that the junctions constructed primarily of connexin26 are physiologically important in the secretion of milk. The formation of milk involves its storage in the alveolar lumina (Neville et al., 1983) . and a conclusion emerging from the present work is that gap junction-mediated cell coupling may allow synchronous filling of epithelial cells, followed by coordination of secretion, presumably by involving the contraction of myoepithelial cells.
The observation that the anti-connexin antibodies did not label mammary epithelium in virgin mice contrasts with reports showing, by freeze-fracture electron microscopy, that gap junctions were present in the mouse mammary gland at all stages of differentiation (Pitelka, 1978) . The immunofluorescence results reported here indicate that extremely low numbers of gap junctions are present in the virgin gland, with a dramatic increase in number occurring between mammary epithelial cells as pregnancy progresses, followed by a sudden reduction in their numbers at involution. The results suggest that the low incidence in mammary glands of virgin mice is not detected by the antibodies or that gap junctions present in resting breast may be constructed of connexin subtypes not recog nized by the antibodies used in this study.
Despite the demonstration that the two anti-connexin43 antibodies used in the present work reacted with the gap junctions in mouse heart intercalated disc, where the major gap junction protein connexin43 is constitutively expressed, both of these antibodies did not react with gap junctions in the mammary gland, even when sections of lactating gland were examined, Connexin43 is present in the parenchymaof normal human breast (Wilgenbus et al., 1992 ; Lee et al., 1991) , although the presence of connexin26 in the human mammary epithelium is less clear. Wilgenbus et al. (1992) . in a study of normal mammary gland and benign and malignant tumors, showed that only connexin43 was detectable. In contrast, Lee et al. (1991 Lee et al. ( ,1992 report the expression of both connexins 26 and 43 in cultured human mammary epithelial cells. In the present work, using three site-specific anti-peptide antibodies to connexin 32, no gap junctions were detected. There is therefore consensus between these reports of gap junctions in human breast and the present study of the mouse mammary gland, for they show that mammary epithelium does not express significant amounts of connexin32.
